fractional-order on [HClO 4 ]. RuCl 3 catalyst accelerated the reaction by a splendid 48 times. Plausible mechanism and related rate law have been deduced.
Introduction
Cyclamate, chemically known as N-cyclohexylsulfamic acid, is an artificial sweetener and is used as a non-nutritive sweetener in many dietary and pharmaceutical products [1] . Its potency as a sweetener is around 30 times greater than that of sucrose. On account of its dietary and pharmaceutical potentiality, some of the analytical techniques for the determination of cyclamate including UV spectroscopy [2] , chromatography [3] , automated turbidimetric technique [4] spectrophotometry [5] have been developed. But, to the best of our knowledge there is no report available in the literature about oxidation of cyclamate by any oxidants from its kinetic and mechanistic standpoint. Also, none have examined the impact of platinum metal ions in the oxidation of cyclamate. In view of the significance of this substrate, it is very essential to know its oxidative behaviour towards a +1 oxidant kinetically. Aromatic N-halosulfonamides or organic N-haloamines are mild oxidants containing strongly polarized N-linked halogen in its +1 oxidation state [6] . Considerable attention has centred on the chemistry of N-haloamines because of their diverse properties to act as halonium cations, hypohalites and N-anions, which behave both as electrophiles and nucleophiles. The chemistry of these compounds has been reviewed by Campbell and Johnson [6] , Banerji et al. [7] , Agarwal and Upadhyay [8] , Kolaveri et al. [9] , and Jagadeesh and Puttaswamy [10] . The prominent members of this class of compounds are chloramine-T (p-Me-C 6 H 4 SO 2 NClNa·3H 2 O or CAT) and chloramine-B (C 6 H 4 SO 2 NClNa·1.5H 2 O or CAB). These reagents have been widely employed as oxidizing agents in the kinetic and mechanistic studies of oxidation of different functional groups in acidic and alkaline medium [7] [8] [9] [10] [11] . Bromamine-T (p-Me-C 6 H 4 SO 2 NBrNa·3H 2 O or BAT) is the bromine analogue of CAT. Although BAT is found to be a better oxidizing agent than CAT and CAB, only sporadic information exists in the literature on BAT reactions [12] [13] [14] [15] .
Several preliminary reactions were carried out in our laboratory to oxidize cyclamate under different experimental conditions. The reactions studied using CAT as the oxidant in acid and alkaline media were found to be extremely slow with reaction rates of 1.88 × 10 −8 and 1.243 × 10 −8 s −1 , respectively. So, the choice of CAT as an oxidant was considered inappropriate and was instead replaced by the benzene analogue of CAT, chloramine-B (CAB). The reaction rates observed were not greatly satisfactory, the rate constants being 9.45 × 10 −8 and 7.36 × 10 −8 s −1 in acidic and basic media, respectively. The use of BAT, the bromine analogue of CAT, as an oxidant stemmed from the earlier discussions. The reaction rates on employing BAT as an oxidant were faster and were found to be 5.12 × 10 −6 and 8.31 × 10 −7 s −1 in acid and alkaline media, respectively. The reaction in alkaline medium was found to be slow in comparison to the one in acidic medium. All these reactions carried out in CAT, CAB and BAT in acidic and basic media were under similar experimental conditions. The reaction rates discussed proves varied efficiencies of N-haloamines as oxidants in the order: BAT > CAB > CAT. In the background of the above facts, it was apt to use BAT as an oxidant in HClO 4 medium to oxidize cyclamate. However, in fact that BAT is a better oxidizing agent in the present study; the reaction is still slow to be studied kinetically to clarify the mechanistic picture of this redox system. Consequently, we thought of using platinum group metal ions as a catalyst to facile the rate of reaction for further kinetic analysis.
The catalysis by platinum metal ions in the redox reactions is of great interest due to strong catalytic influence of these ions in many reactions [16] [17] [18] [19] [20] [21] [22] . This catalysis plays an important role in understanding the mechanism of redox reactions. Among the platinum group metal ions, RuCl 3 has widely been used as a homogeneous catalyst in various redox systems [16] [17] [18] [19] [20] [21] [22] . This catalysis involves different degrees of complexity, due to the formation of different intermediate complexes, free radicals and different oxidation states of ruthenium [23, 24] . Literature survey also indicated that no one has examined the role of RuCl 3 or any other platinum metal ions as catalyst in the oxidation of cyclamate. Consequently, the authors employed a trace amount of RuCl 3 catalyst for the oxidation of cyclamate with BAT in acid medium. Surprisingly, it was observed that the slow reaction underwent 48-times faster in the presence of trace amount of RuCl 3 (Ca. 8.00 × 10 −5 mol dm −3 ). This provoked us to choose RuCl 3 as a catalyst in the present case. In view of the above reasons, we have sought to study the oxidation of cyclamate with BAT in acid medium catalyzed by RuCl 3 in order to unfold the mechanistic picture and catalytic impact of RuCl 3 on this redox system through kinetic study.
On this backdrop, herein we report for the first time the oxidation-kinetics of cyclamate with BAT in acid medium, catalyzed by RuCl 3 in order to throw some light on the mechanistic and catalytic chemistry of this redox system. The objectives of the present investigation are to: (i) develop conditions for the facile oxidation of cyclamate, (ii) examine the influence of reaction parameters on the rate, (iii) elucidate the plausible mechanism, (iv) deduce appropriate rate law, (v) identify the stoichiometry and oxidation products, (vi) ascertain the various reactive species, (vii) find the catalytic efficiency of RuCl 3 on this redox system (viii) demonstrate the formation of complexes, and (ix) evaluate the activation parameters.
Experimental

Materials
The oxidant, BAT, was prepared by the partial debromination of dibromamine-T (DBT) by the standard procedure [25] . An aqueous solution of BAT was prepared afresh, standardized by iodometric method and presereved in brown bottles to prevent its photochemical deterioration. The substrate, sodium cyclamate was obtained from Tokyo Chemical Industry Co., Ltd. Tokyo, Japan and was 1 3 used as received. An aqueous solution of desired strength of sodium cyclamate was prepared freshly as and when required. Ruthenium trichloride (Merck) solution was prepared in 20 mM HCl solution. Allowance for the amount of acid present in the catalyst solution was made while preparing the reaction mixture for kinetic runs. The addition of methanol in varying proportions (0-30% v/v) was devised to alter the permittivity of the reaction mixture. All chemicals and reagents used in the study were of analytical reagent grade. Aqueous solutions were prepared using double distilled water. UV-Vis SL159 Scanning Spectrophotometer was used for studying the formation of intermediate complexes. Regression coefficients (R 2 ) calculations were performed on an f x -100W scientific calculator.
Kinetic Measurements
The kinetic procedure followed to study the progress of the reaction was according to a literature procedure [26] . All the kinetic measurements were carried out under pseudo-first-order conditions of [Cyclamate] 0 >> [BAT] 0 . The kinetic runs were performed in glass stoppered Pyrex boiling tubes coated black from the outside in order to eliminate any possibility of photochemical effects. Reaction mixtures containing requisite amounts of cyclamate, HClO 4 and RuCl 3 were pre-equilibrated at 313 K by placing the tube in a water bath set at the required temperature. The total volume of the solution was maintained constant for all the runs by the addition of adequate quantities of water (50 ml each). To this solution a measured amount of pre-equilibrated (313 K) BAT solution was added to initiate the reaction. The reaction mixture was periodically shaken in order to attain uniform concentration. The progress of the reaction was monitored by iodometric determination of unreacted BAT in 5 ml aliquots of the reaction mixture at regular intervals of time. The course of the reaction was studied for more than two half-lives. The pseudo-first-order rate constants (k′ s −1 ) calculated from the linear plots of log [BAT] versus time were reproducible within 3-5%. k′ values reported are the mean values of duplicate kinetic runs.
Results
Stoichiometry
Reaction mixtures constituting varying ratios of cyclamate and BAT in presence of 1.00 × 10 −3 mol dm −3 HClO 4 and 8.00 × 10 −5 mol dm −3 RuCl 3 were equilibrated at 313 K for 24 h with occasional stirring. The iodometric titration of unreacted BAT in the reaction mixture showed that 1 mol of BAT was consumed per mole of cyclamate. The observed stoichiometric results could be represented in the form of the equation given below:
(here Ts = CH 3 C 6 H 4 SO 2 −).
Product Analysis
The reaction mixtures as per the stoichiometric ratio arrived at were again made to react for 24 h at 313 K under stirred conditions. On completion of the reaction (monitored by TLC), the mixture was neutralized by NaOH and the reaction products were extracted with ether. An oily liquid (cyclohexanone) was obtained on drying the organic layer, whereas the aqueous layer furnished a solid (sulfamic acid) on drying. Cyclohexanone was characterized by GC-MS data, which showed a molecular ion peak at 98 amu ( Fig. 1) . Following which the solid obtained on drying the aqueous layer was subjected to column chromatography on silica gel (60-200 mesh) using gradient elution from dichloromethane to chloroform. After initial separation the products were further purified by recrystallization. The other product of cyclamate oxidation sulfamic acid, was identified [27] by the reaction of product with nitrous acid which converted the former to sulfuric acid, this on reaction with barium chloride formed a white precipitate of barium sulfate. The reduction product of BAT, p-toluenesulfonamide (PTS) was extracted with ethyl acetate and detected by paper chromatography [28] . Benzyl alcohol saturated with water was used as solvent with 0.5% vanillin in 1% HCl solution in ethanol as spray reagent (R f = 0.905). PTS was further ascertained by GC-MS analysis with the (1) Fig. 1 GC-Mass spectrum of cyclohexanone with its molecular ion peak at 98 amu molecular ion peak at 171 amu ( Fig. 2) and also from the melting point value of 138 °C (lit mp 138-139 °C). It was noticed that there was no further oxidation of these products under the prevailing kinetic conditions.
The oxidation products cyclohexanone and sulfamic acid, both of which find extensive industrial applications [29, 30] . A major part of the world's supply of cyclohexanone is converted to adipic acid and cyclohexanone oxime, the former is one of the precursors for Nylon 6,6. A major reactant in the manufacture of Nylon 6 is caprolactum, which is in turn obtained from cyclohexanone. It is also used as a solvent for cellulose lacquers. The byproduct sulfamic acid is used in the design of many drugs including anti-cancer, anti-epileptic, weight loss drugs etc apart from being used as a cleansing reagent in industries.
Hence, the present reaction is an important protocol in synthetic chemistry. 
Effect of Varying BAT and Cyclamate Concentrations on the Rate of Reaction
Effect of Varying Halide Ions Concentrations on the Rate of Reaction
The addition of Cl − or Br − ions in the form of NaCl or NaBr solution (4.0 × 10 −3 mol dm
) proved ineffective in bringing about any significant change on the rate of the reaction. This enabled to conclude that the Cl − or Br − ions do not play any role in the reaction.
Effect of Varying PTS Concentration on the Rate of Reaction
p-Toluenesulfonamide (PTS), the reduction product of BAT, was added to the reaction mixture (6.0 × 10 −3 mol dm −3 ) which left the rate of reaction significantly unaltered. This was evidence to show that PTS is not involved in any step prior to the rate-determining step (rds) in the proposed scheme.
Effect of Varying Ionic Strength of the Medium on the Rate of Reaction
Keeping all the other experimental conditions constant, the effect of ionic strength on the rate of reaction was studied by adding 0.30 mol dm −3 NaClO 4 solution in to the reaction mixture. The rate of reaction was not altered significantly. Hence, no efforts were made to keep the ionic strength of the medium constant for kinetic runs.
Effect of Varying Dielectric Constant of the Medium on the Rate of Reaction
Kinetic studies were carried out in H 2 O-MeOH mixtures of varying compositions (0-30% v/v), thereby changing the dielectric constant of the solvent medium. The rate was found to decrease with increase in MeOH content and a plot of log k′ versus 1/D was linear (R 2 = 0.9953) with a negative slope. The results are reported in Table 2 and graphically represented in Fig. 3 Table 3 .
Polymerization Study
The addition of reaction mixtures to aqueous acrylamide monomer solutions, kept in dark, was unable to initiate polymerization. It proves the absence of any free radical species generated during reaction. The control experiments were carried out under similar reaction conditions without the oxidant.
Discussion
Reactive Species
Irrespective of whether the medium is acidic or basic, N-haloamines have been proved to be mild oxidants [7] . N-haloamines are compounds containing halonium cations; the presence of only one halogen brings about an efficient two-electron transfer in their reactions. Bromamine-T, like its chlorine analogue chloramine-T, behaves as a strong electrolyte in aqueous solutions and depending on its pH, it furnishes different types of reactive species [32] [33] [34] .
The possible oxidizing species in acid medium are the free acid (TsNHBr), DBT (TsNBr 2 ), HOBr and H 2 O + Br. Hence, in acidified solution of BAT there are four possible species which can oxidize the substrate. From these four possibilities, the active reactive species of BAT can be decided based on observed kinetic results. If TsNBr 2 was involved in the reaction mechanism, it would have led to a second-order dependence of rate on [BAT] 0 and also an inverse effect of TsNH 2 (PTS) on the rate. But both of these contradict the experimental observations. Whereas, if HOBr were the primary oxidizing species, the addition of TsNH 2 to the reaction medium should have caused a decrease in the rate of reaction; but the experimental evidence obtained stands against this expectation by leaving the reaction rate unaffected. Studies pertaining to pHdependent relative concentrations of acidified haloamine solutions bearing comparable concentrations have shown the possibility of free acid being the most likely oxidizing species [34] . Furthermore, the formation of the diprotonated species (TsN + H 2 Cl) with a protonation constant of 1.02 × 10 −2 M −1 at pH 2 has been reported for CAT in acid solutions [35, 36] . Electronic spectral studies carried out by Cady and Connick [37] , and Connick and Fine [38] 3 . A detailed study [39, 40] on the possible oxidation states of RuCl 3 in aqueous acidic medium has revealed the following equations:
In the present study the addition of Cl − ions fails to bring about any significant change on the rate of reaction, indicating that the equilibrium represented by Eq. (4) does not contribute greatly in the reaction. Hence, the complex ion [RuCl 5 
(H 2 O)]
2− is assumed to be the reactive catalytic species that interacts with BAT to form an intermediate complex.
Reaction Scheme
In the light of the above facts, Scheme 1 is put forward for the RuCl 3 catalyzed oxidation of cyclamate by BAT in acid medium to substantiate the experimental observations. A detailed mechanistic interpretation of RuCl 3 catalyzed BAT-cyclamate redox reaction in HClO 4 medium is illustrated in Scheme 1. According to Scheme 1, step (i) involves a fast deprotonation of TsN + H 2 Br leading to the formation of the active oxidant species TsNHBr in the acid retarding step. Following this, the active catalyst RuCl 3 forms a partial bond with the nitrogen of TsNHBr, which yields Complex-I (step (ii)) along with elimination of a molecule of water. An attack of the substrate cyclamate, on 
Spectroscopic Evidence for Complex Formation
The evidence required to prove the formation of Complex-I between oxidant and catalyst species (step (ii) of Scheme 1) were obtained from the UV-Vis spectra of BAT, RuCl 3 and (BAT + RuCl 3 ) mixture. Absorbance maxima in acid medium were observed at 227.1 and 361.8 nm respectively for BAT and RuCl 3, whereas in (BAT + RuCl 3 ) mixture it was observed at 342.8 nm which is a hypsochromic shift of 19 nm as expected from the structure of Complex-I. These are illustrated in the Fig. 5 . Further evidence for the formation of Complex-II has been evinced from the UV-Vis absorbance maxima at 331.6 nm of (BAT + RuCl 3 + Cyclamate) mixture where the UV inactive cyclamate brings about a hypsochromic shift of 11.2 nm in the absorbance maxima of (RuCl 3 + BAT) as in Fig. 5 . The wavelengths obtained from the previous data were now found to further shift lower, thus proving this complex to be unstable.
Deduction of Rate Law
The rate law for Scheme 1 can be deduced as follows:
The total effective concentration of BAT is:
[BAT] t = Ts (6), (7) and (8) 
From the value of intercept, the decomposition constant (k 4 ) could be derived as 8.33 × 10 −4 s −1 . Scheme 1 and rate law (11) can explain the following observed experimental results:
Effect of Dielectric Constant
Since, most of the organic reactions require a medium to make the reaction feasible, it is apt to use solvents of varying nature; the effects of these on the rate should thus be assessed. This can be achieved by changing the solvent composition by varying the methanol content in the reaction mixture [41] [42] [43] [44] . For limiting case of zero angle approach between two dipoles or an ion dipole system, Amis [44] has shown that a plot of log k′ versus 1/D gives a straight line, with a positive slope for a reaction involving a positive ion and a dipole, and a negative slope for a negative ion-dipole or dipole-dipole interactions. In the present investigations, a plot of log k′ versus 1/D was linear with a negative slope. The observation can be thus directed towards a negative ion-dipole interaction as observed in the rate-determining step (Scheme 1. step (iv)), wherein anionic Complex-II reacts with a molecule of water.
Effect of Ionic Strength
The ionic strength of the solution as well as the charges borne by the reactive species has a pronounced effect on the rate of ionic reactions. The study of the influence of ionic strength on the rate of reaction gives valuable information about the type of the species involved in the rate-determining step, i.e. whether they are ionic or non-ionic in nature [45] . The effect of primary salt on the reaction is explained by Bronsted and Bjerrum equation:
Here I is the ionic strength of the reaction medium: k′ and k 0 , the specific rate constants in the bulk of the reaction and infinite dilution; and Z A and Z B , the ionic charges of the reac- is zero, so k′ is independent of the ionic strength of the solution. In the present investigations, variation in ionic strength of medium by adding 0.30 mol dm −3 NaClO 4 solution left the reaction rate unaltered. This can be explained by the species involved in the rate determining step, wherein Complex (II) is negatively charged and the water molecules in the medium are neutral (step (iv) of Scheme 1). Therefore, the observed ionic strength effect is in accordance with the Bronsted-Bjerrum concept [45] and proposed scheme.
Catalytic Activity
Moelwyn-Hughes [46] pointed out that the RuCl 3 catalyzed and uncatalyzed reactions proceed in a parallel way abiding by the equation:
Here k 1 is the observed pseudo-first-order rate constant obtained in the presence of RuCl 3 catalyst and k 0 is that for the uncatalyzed reaction (in the absence of RuCl 3 catalyst) K c is the catalytic constant and x is the order of the reaction with respect to RuCl 3 , which is found to be 0.30 in the present investigations. The values of the catalytic constants K c at five different temperatures 303, 308, 313, 318 and 323 K were calculated using the relationship:
The values of K c were found to alter with change in temperature. A linear plot of log K c versus 1/T (R 2 = 0.9851) was employed to evaluate the activation parameters with respect to RuCl 3 . The results of which are tabulated in Table 3 .
Comparison of RuCl 3 Catalyzed and Uncatalyzed Reactions
According to rate constants reported in Table 3 , it can be seen that oxidation of RuCl 3 catalyzed reaction is 48-fold faster than the uncatalyzed reaction. This justifies the need of RuCl 3 as a catalyst in the oxidation of cyclamate using BAT in acid medium, which otherwise as observed the reaction was found to be extremely sluggish to be studied kinetically. Complex-I is formed between the catalyst and oxidizing species, which increases the efficiency of oxidation in comparison to that in the absence of the former. This complex aids the attack on the substrate resulting in x the catalyst providing an alternate reaction path by affording a lower activation energy barrier (Table 3) for the reactants to cross over it and enabling the reaction to be relatively facile.
Activation Parameters
The proposed mechanism is also supported by the moderate values of energy of activation and other activation parameters. The transition state can be predicted to be in a highly solvated state from the positive ΔH # and ΔG # values obtained. The large negative entropy of activation may be interpreted as due to a fraction of collisions which become more stringent and form a rigid associative complex, resulting in a slow decomposition of the Complex (II). The rate of the reaction remains to be irresponsive to the addition of p-toluenesulfonamide which is in turn justified by the species appearing only in the rate-determining step and not prior to it. The addition of bromide ions also proved to be ineffective on the rate of the reaction, which is in agreement with the fact that bromide ions are not involved in the reaction mechanism. Thus, the proposed mechanism as well as the derived rate law is in complete agreement with all experimental findings.
Conclusion
The kinetics of oxidation of cyclamate with BAT in acid medium catalyzed by RuCl 3 2− are found to be the reactive species of oxidant and catalyst, respectively. Spectroscopic evidence for the formation of complexes between oxidant, catalyst and substrate has been provided. The best fitted mechanism and rate law based on the kinetic results have been arrived at.
